Salivary gland tumors are clinically diverse and present considerable challenges in both diagnosis and treatment.^[@bib1]^ The most common salivary gland tumor is pleomorphic adenoma (PA). Although PAs are classified as benign, they are frequently multicentric, tend to recur, undergo malignant transformation and can even metastasize.^[@bib2]^ Carcinoma ex-PA (CaExPA) is defined as a carcinoma arising from a primary or recurrent benign PA. CaExPA is an aggressive malignancy that frequently metastasizes and has a 5-year survival rate of ∼30%.^[@bib2],\ [@bib3]^ Locoregional recurrence is frequent (∼40%), following surgical resection with or without radiotherapy, and is associated with a median survival of \<1 year.^[@bib2],\ [@bib3]^ These tumor features emphasize the urgent need to identify molecular markers of prognosis and to develop novel therapeutic agents for this cancer.

Wingless-type (Wnt)/*β*-catenin signaling pathway regulates key processes such as cell proliferation, differentiation, survival and migration that are essential during embryonic development, adult tissue homeostasis and oncogenesis.^[@bib4],\ [@bib5],\ [@bib6],\ [@bib7]^ Wnt/*β*-catenin signaling contributes to cancer initiation and progression, in part through the maintenance of highly tumorigenic subpopulations of cancer cells called tumor-initiating cells or cancer stem cells (CSCs).^[@bib8],\ [@bib9],\ [@bib10]^ Still, different subsets of cells vary in their responsiveness to different means of Wnt/*β*-catenin pathway activation.^[@bib11],\ [@bib12],\ [@bib13],\ [@bib14]^ In addition, differences in the availability of niche-specific Wnt agonists and antagonists might distinctly modulate CSC self-renewal and differentiation in different cancer types.^[@bib7],\ [@bib15]^

Hyperactivation of Wnt/*β*-catenin signaling, as measured by cytoplasmic and/or nuclear accumulation of *β*-catenin, is relatively rare (∼10%) in salivary gland PA but frequent (∼90%) in CaExPA, and has been suggested to have a role in the malignant transformation of PA into CaExPA.^[@bib3],\ [@bib16],\ [@bib17]^ Unfortunately, the mechanisms that lead to Wnt/*β*-catenin activation in PA and CaExPA remain unknown. Earlier, we identified the Wnt inhibitory factor 1 (WIF1), a Wnt pathway antagonist, as a novel gene-fusion partner to *HMGA2* gene and a hot spot for recurrent genomic rearrangements in PA.^[@bib18]^ WIF1 binds directly to extracellular Wnt ligands, such as WNT1, and blocks their interaction with the receptors, leading to *β*-catenin proteasomal degradation and Wnt inactivation.^[@bib19]^ These data suggest that WIF1 might have a role in salivary gland oncogenesis. However, there are no studies on the protein expression level or role of WIF1 in human salivary gland tumors. Moreover, no predictive biomarkers for progression of PA to CaExPA have been discovered yet.

In this study, we found that WIF1 downregulation is a widespread event in CaExPA and its downregulation in PA might predict higher risk of progression to malignancy. Our study shows for the first time that WIF1 inhibits cancer stemness and induces cellular senescence in salivary gland tumor cells. Most importantly, we delineate novel tumor-suppressive mechanisms of WIF1 that underscore WIF1 as a potential anticancer therapeutic agent.

Results
=======

Downregulation of WIF1 expression in human salivary gland tumors correlates with progression to malignancy
----------------------------------------------------------------------------------------------------------

To determine the status of WIF1 in salivary gland tumors, we quantified the expression of WIF1 by immunohistochemistry in two distinct cohorts of matched normal and tumor salivary gland samples obtained from patients diagnosed with PA who progressed (14 cases) or did not progress (71 cases) to CaExPA. In normal salivary gland, WIF1 was detected as an abundant cytoplasmic brown granular staining that was quantified as strong ([Figure 1](#fig1){ref-type="fig"}). This staining pattern is consistent with WIF1 normal expression.^[@bib20]^ In PA samples removed from patients with only a benign tumor ([Figure 1a](#fig1){ref-type="fig"}), WIF1 immunostaining was quantified as strong (56 cases) or moderate (13 cases) in 97% of the cases, and as low (1 case) or undetectable (1 case) in 3% of the cases ([Figure 1d](#fig1){ref-type="fig"}). Overall, no significant difference in WIF1 expression was observed between normal salivary gland and matched PA samples removed from patients with only a benign tumor ([Figure 1c](#fig1){ref-type="fig"}). In PA samples obtained from patients that progressed to CaExPA ([Figure 1b](#fig1){ref-type="fig"}), 28% presented with strong (1 case) or moderate (3 cases) WIF1 expression, whereas 72% presented with low (9 cases) or undetectable (1 case) WIF1 expression ([Figure 1d](#fig1){ref-type="fig"}). Furthermore, all 14 PA samples obtained from patients that progressed to CaExPA expressed lower levels of WIF1 ([Figures 1b and d](#fig1){ref-type="fig"}) than their matched normal epithelium (*P*\<0.001). These data demonstrate that WIF1 downregulation is a frequent event in PA cases that progressed to malignancy. This also suggests that WIF1 downregulation is an early event in salivary gland oncogenesis and might predict a higher risk of progression from PA to CaExPA. In CaExPA samples, WIF1 expression was quantified as low (2 cases) or undetectable (12 cases) in 100% of the cases ([Figure 1d](#fig1){ref-type="fig"}). Moreover, a significant decrease in WIF1 expression (*P*\<0.000001) was observed in CaExPA samples by comparison with adjacent PA ([Figure 1c](#fig1){ref-type="fig"}). The pronounced decrease in WIF1 expression from PA to CaExPA suggests that WIF1 could be a critical factor to inhibit PA progression to malignancy.

To determine whether WIF1 downregulation contributes to Wnt/*β*-catenin signaling hyperactivation, we evaluated the levels of *β*-catenin by immunohistochemistry in 14 matched samples from each cohort. In normal salivary gland, *β*-catenin expression was high in the cell membrane, undetectable in the nucleus and low or undetectable in the cytoplasm. *β*-catenin membranar expression was slightly reduced in 57% of all PA samples, undetectable in three PA cases that progressed to CaExPA and undetectable in 64% of all CaExPAs (data not shown). Most importantly, increase in cytoplasmic and/or nuclear *β*-catenin was only observed in samples that progressed to malignancy ([Figure 1e](#fig1){ref-type="fig"}). These data suggest that WIF1 downregulation contributes to Wnt/*β*-catenin signaling hyperactivation.

WIF1 is silenced by promoter hypermethylation and genomic deletions
-------------------------------------------------------------------

Promoter methylation is the most frequently reported mechanism leading to WIF1 downregulation in human cancers.^[@bib21],\ [@bib22],\ [@bib23],\ [@bib24]^ To assess *WIF1* promoter methylation, we performed methylation-specific PCR (MSP). An unmethylated band was observed in normal salivary gland ([Figure 2a](#fig2){ref-type="fig"}). In contrast, both methylated and unmethylated bands were amplified in all the malignant tumors and cell lines tested ([Figure 2a](#fig2){ref-type="fig"} and [Supplementary Figure 1a](#sup1){ref-type="supplementary-material"}). To confirm *WIF1* promoter hypermethylation, we performed bisulfite-sequencing analysis in salivary gland primary tumors and cell lines. No hypermethylation was observed in normal salivary gland ([Figure 2b](#fig2){ref-type="fig"}) or in PA that did not progress to CaExPA (data not shown). However, promoter hypermethylation ([Figure 2b](#fig2){ref-type="fig"}) was present in all malignant tumors tested (cases 6, 9, 13 and 14 presented in [Figure 2a](#fig2){ref-type="fig"}). In addition, WIF1 was methylated at baseline in cell lines ([Supplementary Figure 1b](#sup1){ref-type="supplementary-material"}). Together, these data show that *WIF1* promoter hypermethylation occurs frequently in CaExPA. Treatment of salivary gland tumor cell lines with 5-aza-2\'-deoxycytidine (DAC), a demethylating agent, removed a significant part of the methylation from CpG sites and caused a significant increase (*P*\<0.0001) in *WIF1* mRNA expression ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). As only a few CpG sites were hypermethylated in the *WIF1* promoter, our data suggest that methylation of these CpG sites suffices for DNA-methylation-mediated gene silencing. Nevertheless, we cannot rule out the possibility of other *WIF1* promoter regions being methylated. These results demonstrate that promoter hypermethylation contributes to the downregulation of WIF1 expression in salivary gland tumors.

WIF1 maps to 12q13-15, a chromosomal region in which genomic loss has been suggested to identify a subset of PA with higher potential for malignant transformation.^[@bib25]^ Therefore, we determined whether loss of heterozygosity (LOH) involving *WIF1* occurs in CaExPA. Three of the four CaExPA cases studied (for which constitutional DNA was available) were informative for at least one microsatellite marker within 12q13-15. Two of those had LOH involving the *WIF1* locus ([Figure 2c](#fig2){ref-type="fig"}). Importantly, both cases also showed *WIF1* promoter hypermethylation ([Figure 2b](#fig2){ref-type="fig"}). These data suggest that both genetic and epigenetic mechanisms contribute to *WIF1* inactivation in salivary gland CaExPA.

WIF1 inhibits tumor cell proliferation and induces cell cycle arrest
--------------------------------------------------------------------

We have previously demonstrated that *WIF1* mRNA expression is undetectable in PA or CaExPA cell lines.^[@bib18],\ [@bib26]^ Accordingly, WIF1 expression is low or undetectable in most PAs that progressed to CaExPA and undetectable in the majority of CaExPA patient samples ([Figure 1](#fig1){ref-type="fig"}). To determine the potential growth inhibitory effects of WIF1, we first attempted to stably transfect salivary gland tumor cells with a vector that expresses full-length WIF1 protein (hereafter referred as WIF1). Importantly, no viable clones were obtained from stably transfected salivary gland tumor cells. In contrast, numerous WIF1 stable clones were obtained for the control cell line (HEK-293). These results prompted us to focus on transient transfection studies. PA and CaExPA cells were transiently transfected with WIF1 and assessed for WIF1 expression and cell proliferation. Re-expression of WIF1 resulted in a significant growth inhibition (*P*\<0.0001) in both PA ([Supplementary Figure 2a](#sup1){ref-type="supplementary-material"}) and CaExPA ([Figure 3a](#fig3){ref-type="fig"}) cells at all time points. Despite transient transfection, our data show that WIF1 persists at high concentration in the conditioned media for at least 14 days post transfection ([Supplementary Figure 2b](#sup1){ref-type="supplementary-material"}).

We then investigated whether apoptosis and cell cycle arrest contributed to the growth-suppressive effects of WIF1. Re-expression of WIF1 in CaExPA cells induced a small but significant increase in apoptosis ([Figure 3b](#fig3){ref-type="fig"}), as well as in the number of cells accumulating in G~1~ phase of the cell cycle ([Figure 3c](#fig3){ref-type="fig"}). These data suggest that other tumor-suppressive mechanisms have a major role in the reduction of tumor cell proliferation caused by WIF1.

WIF1 induces cellular senescence
--------------------------------

WIF1 re-expression led to the appearance of a high number of large and flat cells with frequent dendritic terminations and enhanced cytoplasmic granularity ([Figures 4a and b](#fig4){ref-type="fig"}). Multinucleated cells were also common. These features are characteristics of more differentiated and senescent cells.^[@bib27]^ To quantify this effect, cells were stained for senescence-associated beta-galactosidase (SA-*β*-gal). WIF1 increased the number of SA-*β*-gal-positive cells (*P*\<0.0001) compared with vector ([Figures 4a and b](#fig4){ref-type="fig"}). As WIF1 re-expression significantly reduces the total number of cells per field (30--50%), the absolute increase in senescent cells is remarkably higher than the relative number shown in [Figures 4a and b](#fig4){ref-type="fig"}. To gain insights into the molecular mechanisms leading to cellular senescence, we examined the expression levels of critical senescence factors. WIF1 induced a remarkable increase in both mRNA and protein expression of p53 and its target p21 ([Figures 4c and d](#fig4){ref-type="fig"}). p21 is one of the key mediators of p53-induced senescence. Increase in the expression of p21 mediated through increased trans-activation of p53 via WIF1, most likely results in WIF1-induced senescence.

WIF1 reduces the number of salivary gland tumor stem cells
----------------------------------------------------------

WIF1 acts by sequestering secreted Wnt proteins, such as WNT3A, that can act as a stem cell self-renewal factor.^[@bib28]^ To determine whether WIF1 regulates salivary gland tumor stem cells, we transfected PA116 and CaExPA79 cells with WIF1 and sorted the cells by FACS based on aldehyde dehydrogenase (ALDH) activity. Enhanced ALDH activity is a hallmark of CSCs^[@bib29]^ and an accepted salivary gland CSC marker.^[@bib30],\ [@bib31],\ [@bib32]^ WIF1 caused reduction (*P*\<0.001) in the number of ALDH-positive cells by 55% and 73% in PA116 and CaExPA79, respectively ([Figure 5a](#fig5){ref-type="fig"}). These data show that WIF1 reduces the number of salivary gland tumor stem cells.

WIF1 reduces anchorage-independent growth of salivary gland tumor cells
-----------------------------------------------------------------------

To determine the effect of WIF1 on anchorage-independent growth, we performed sphere-forming assays. WIF1 significantly (*P*\<0.001) reduced the number of spheroids in both PA116 and CaExPA79 cell lines by day 5 ([Figure 5b](#fig5){ref-type="fig"}). Prolonging the culture to 14 days increased the number of spheroids in vector-transfected CaExPA79 cells (*P*\<0.001), but not in PA116 cells ([Figure 5b](#fig5){ref-type="fig"}). This observation pinpoints a significant difference between the cancerous (CaExPA79) and benign (PA116) cells and might reflect a population of CaExPA79 quiescent cells that re-enter clonal growth at later time points. Importantly, we observed no increase in the total number of spheroids from day 5 to day 14 in WIF1-transfected cells. These data suggest that the effects of WIF1 are long lasting. By day 5, the size of the spheroids formed in cultures expressing WIF1 was also remarkably smaller than in vector-transfected cultures ([Figure 5c](#fig5){ref-type="fig"}). Prolonging the culture to 14 days increased the size of the spheroids only in vector-transfected cultures ([Figure 5c](#fig5){ref-type="fig"}). Furthermore, while the cells present on the spheroid rim of vector-transfected cultures looked healthy up to 14 days, the cells on the spheroid rim of WIF1-transfected cultures looked unhealthy (non-spherical, undefined borders and broken) as early as day 5 ([Figure 5c](#fig5){ref-type="fig"} and data not shown). Taken together, our data show that WIF1 inhibits the anchorage-independent growth of salivary gland tumor cells, and suggest that WIF1 causes an irreversible proliferation arrest and/or differentiation of cells that exhibit stem cell traits.

WIF1 reduces the expression of master regulators of stem cell self-renewal and pluripotency
-------------------------------------------------------------------------------------------

Transcription factor networks have emerged as the master regulatory mechanisms of stem cell pluripotency and differentiation.^[@bib33]^ OCT4 and c-MYC are highly expressed in pluripotent cells and have a central role in the regulation of pluripotency and self-renewal.^[@bib34]^ Consistent with WIF1 suppressing salivary gland stem cell self-renewal and inducing differentiation, WIF1 induced a significant reduction in *OCT4* and *c-MYC* expression ([Figure 5d](#fig5){ref-type="fig"}) in CaExPA79 cells. In addition, WIF1 caused a significant downregulation of *WNT3A* and *TCF4* ([Figure 5d](#fig5){ref-type="fig"}), key WNT pathway components with recognized roles in stem cell self-renewal and maintenance.^[@bib35],\ [@bib36]^ WIF1 also downregulated *c-KIT* and *MYB* ([Figure 5d](#fig5){ref-type="fig"}). Both genes are frequently overexpressed in salivary gland cancer,^[@bib37],\ [@bib38],\ [@bib39]^ and promote stem cell self-renewal.^[@bib40],\ [@bib41],\ [@bib42]^ c-KIT is the only functionally tested marker for normal salivary gland stem cells in mouse.^[@bib43]^ Our data suggest that c-KIT could also be an important marker for human salivary gland CSCs. Collectively, our data show that WIF1 reduces the expression of several genes with critical roles in salivary gland CSC self-renewal and pluripotency.

WIF1 regulates the expression of microRNAs with a critical role in salivary gland stemness and oncogenesis
----------------------------------------------------------------------------------------------------------

MicroRNAs (miRNA) are small noncoding RNAs that are key regulators of stem cell self-renewal and differentiation.^[@bib44]^ As miRNAs modulate target genes tissue specifically, we determined whether WIF1 regulates the expression of miRNAs reported to have critical roles in salivary gland development and/or oncogenesis.^[@bib45],\ [@bib46]^ Particularly relevant to our study are *miR-144* and *let-7a,* which target PA oncogenes (PLAG1 and HMGA2), and *miR-21* and *miR-200c*, the only two miRNAs documented to regulate salivary gland morphogenesis.^[@bib46]^ WIF1 significantly increased the expression of *pri-miR-144* ([Figure 6a](#fig6){ref-type="fig"}) and *pri-let-7a* ([Figure 6b](#fig6){ref-type="fig"}) in PA116 and CaExPA79. Downregulation of these miRNAs has been reported in PA and associated with dedifferentiation, cell proliferation and cancer progression.^[@bib45],\ [@bib47],\ [@bib48]^ Consistent with *miR-21* being upregulated in PA samples,^[@bib45]^ WIF1 decreased *pri-miR-21* expression in PA116 cells ([Figure 6c](#fig6){ref-type="fig"}). However, WIF1 increased *pri-miR-21* expression in CaExPA79 cells. This might reflect the fact that CaExPA contains mainly epithelial cells and/or a different role for *miR-21* in CaExPA. A significant increase in *pri-miR-200c* by WIF1 was observed in both PA116 and CaExPA79 cells ([Figure 6d](#fig6){ref-type="fig"}). *miR-200c* suppresses CSC self-renewal and proliferation, and induces apoptosis, senescence and differentiation.^[@bib49],\ [@bib50],\ [@bib51]^ Collectively, our data suggest that WIF1 exerts its tumor-suppressive effects in part by regulating miRNAs that have critical roles in salivary gland CSC self-renewal, differentiation and cancer progression.

WIF1 increases the expression and activity of the tumor-suppressor miRNA *miR-200c*
-----------------------------------------------------------------------------------

Among the miRNAs we studied, *pri-miR-200c* showed the highest induction following WIF1 re-expression in both benign and malignant cell lines ([Figure 6d](#fig6){ref-type="fig"}). *miR-200c* and its target genes have very important roles in cancer stemness, tumorigenicity and epithelial--mesenchymal transition.^[@bib52],\ [@bib53]^ By using a luciferase reporter gene assay, we documented a significant reduction in *miR-200c*-dependent luciferase activity in cells transfected with WIF1 ([Figure 6e](#fig6){ref-type="fig"}). This confirms that WIF1 increase in *miR-200c* expression results in a correspondent increase in *miR-200c* activity. Most importantly, WIF1 caused a significant reduction in the expression of *miR-200c*-targeted genes such as *ZEB1*, *ZEB2* and *BMI1* ([Figure 6f](#fig6){ref-type="fig"}), and increase in E-cadherin ([Figure 6f](#fig6){ref-type="fig"}), a primary ZEB1 target. Thus, our studies identify a novel tumor-suppressor mechanism by which WIF1 positively regulates *miR-200c* expression and activity, and thereby could have reduced cancer stemness, and, induced senescence and a more epithelial phenotype.

Discussion
==========

WNT signaling can promote tumor initiation, progression and drug resistance in a cancer-stage-specific and a cancer-type-specific manner.^[@bib7]^ WIF1 is a potent extracellular Wnt antagonist, a recurrent target for genomic rearrangement in salivary gland PA, and an attractive target for cancer therapy.^[@bib7],\ [@bib18]^ Here we demonstrate that WIF1 downregulation is a widespread event in human salivary gland CaExPA. Most importantly, we show that WIF1 downregulation occurs at a high frequency in PAs that progressed to CaExPA, but is rare in PAs that did not progress to malignancy. Our studies show that in addition to *WIF1* genomic rearrangement,^[@bib18]^ LOH and promoter hypermethylation contribute to WIF1 downregulation in CaExPA. Therefore, we suggest that WIF1 expression could be considered in routine histopathology analysis of PA samples, as it might indicate a higher risk of progression from PA to CaExPA.

WIF1 inhibited the proliferation of salivary gland tumor cells. Our results are consistent with previous reports that show that WIF1 induces cell growth inhibition in diverse cancer cell lines.^[@bib7]^ However, the precise mechanisms leading to cell growth inhibition vary between cell lines. WIF1 induces extensive apoptosis in some cancer cell lines,^[@bib21],\ [@bib22],\ [@bib54]^ but no significant apoptosis in others.^[@bib55]^ In our study, WIF1 induced apoptosis in a relatively small population of tumor cells. However, WIF1 induced a striking increase in senescent cells, suggesting that WIF1 reduces salivary gland tumor cell proliferation mainly by inducing senescence. Cellular senescence is an important barrier to proliferation and a crucial anticancer defense.^[@bib56]^ This anti-proliferative effect may be at least in part caused by the inhibition of Wnt/*β*-catenin signaling by WIF1, as supported by significant changes in the *β*-catenin target gene expression (*c-MYC*, *OCT4*, *WNT3A* and E-cadherin). WIF1 has been shown to induce senescence in glioblastoma cells.^[@bib57]^ In contrast, excessive activation of Wnt/*β*-catenin signaling induces senescence of mesenchymal stem cells.^[@bib58]^ The anti-proliferative effects of WIF1 could also have resulted from an increase in p53 and *miR200c*, as well as an increase in their downstream target p21, a major mediator of G~1~ arrest and cellular senescence. WIF1 can also induce either G~1~ arrest^[@bib23],\ [@bib55]^ or G~2~/M arrest in cancer cells.^[@bib21]^ These differences may be due to differences in p53 expression, as p53 can regulate both G~1~ and G~2~/M checkpoints.^[@bib59]^ We have demonstrated that WIF1 increased p53 and p21 expression in salivary gland tumor cell lines (this study) and in cervical cancer.^[@bib21]^ Others have shown that WIF1 promoter hypermethylation correlates with loss of p53 expression.^[@bib60]^ p53 has been shown to regulate the expression of Wnt genes and suppress the Wnt/*β*-catenin signaling.^[@bib61],\ [@bib62]^ Our data suggest for the first time the existence of a positive feedback by which WIF1 regulates the expression of p53. These data highlight the context-dependent role of Wnt signaling and the need to dissect the Wnt signaling functions within cell and tissue-specific contexts.

Wnt signaling has been repeatedly implicated in stem cell fate, however, its role remains controversial.^[@bib63]^ Furthermore, its role on human salivary gland CSCs is unexplored. We demonstrate that WIF1 caused a striking decrease in salivary gland CSC number as assessed by a reduction in cells with enhanced ALDH activity and spheroid formation, an *in vitro* measure of stem cell self-renewal and pluripotency. Self-renewal is driven by niche factors, such as WNT3A, without which cells tend to differentiate.^[@bib28]^ WIF1 binds to WNT3A and antagonistically blocks WNT3A-dependent activation of the Wnt/*β*-catenin pathway.^[@bib64]^ Here, we show that WIF1 suppresses human salivary gland CSC self-renewal at least in part through inhibition of Wnt/*β*-catenin signaling. Accordingly, we observed downregulation of *WNT3A*, *TCF4*, *OCT4* and *c-MYC*, as well as an increase in *let-7a,* all of which have essential roles in stem cell self-renewal and/or pluripotency.^[@bib34],\ [@bib35],\ [@bib36],\ [@bib65]^ WIF1 also decreased the expression of *c-KIT* and *MYB,* two key genes involved in salivary gland stem cell self-renewal and oncogenesis.^[@bib37],\ [@bib38],\ [@bib39],\ [@bib40]^ Consistent with our data, Wnt signaling promotes stem cell expansion in mouse salivary gland.^[@bib66]^ The reduction in salivary gland CSCs by WIF1 could also have been achieved through the differential regulation of miRNAs, such as *let-7a* and *miR-200c*, which have been shown to block CSC self-renewal and spheroid formation.^[@bib47],\ [@bib50]^ Studies have shown that *miR-200c* reduces epithelial proliferation and induces differentiation during mouse salivary gland morphogenesis.^[@bib67]^ Importantly, our functional and mRNA expression studies demonstrate that WIF1 is a positive regulator of *miR-200c* activity. Our study shows for the first time a functional link between WIF1 and *miR-200c*, and reveals a novel mechanism by which WIF1 could suppress salivary gland tumor progression. Collectively, our findings demonstrate that WIF1 elicits its tumor-suppressive effects by modulating the expression of several genes with critical roles in stem cell self-renewal, pluripotency and cancer progression.

Despite exhaustive attempts, none of the only three CaExPA cell lines published initiated tumor formation in mouse xenograft models as observed by us and others (unpublished data). This current technical limitation prevented us from performing *in vivo* studies as there are no animal models for this cancer. Nonetheless, our current findings are of major clinical significance, as they strongly support a tumor-suppressive role of WIF1 in salivary gland cancer.

In conclusion, we demonstrate for the first time that WIF1 downregulation is a frequent event in salivary gland CaExPA and identifies a subgroup of PA patients at high risk of progression to CaExPA. Most importantly, our study uncovered novel molecular mechanistic pathways by which WIF1 regulates cancer stemness and cellular senescence that might have broader implications in basic biology and could lead to the development of effective molecular therapies to cure human cancer.

Materials and Methods
=====================

Human studies
-------------

After Institutional Review Board approval, paraffin-embedded primary tumor tissues of 85 patients with primary salivary gland tumors with a PA component (71 benign cases and 14 malignant cases) treated with surgery at the University of Oklahoma Health Sciences Center, Oklahoma, USA or at the Portuguese Institute of Oncology, Lisbon, Portugal were included in this study. None of the patients had received preoperative chemotherapy or radiotherapy. The classification of the neoplasms was based on the World Health Organization\'s criteria for salivary gland tumors.^[@bib68]^

Immunohistochemistry
--------------------

Immunohistochemistry was performed as we previously reported.^[@bib21]^ In brief, human tissue samples were fixed in 10% neutral-buffered formalin and paraffin-embedded. Four micrometer sections were cut and deparaffinized in Histoclear. Heat-induced epitope retrieval was performed on sections using a pressurized de-cloaking chamber (Biocare Medical, LLC, Concord, CA, USA) and incubated in citrate buffer (pH 6.0) at 99 °C for 18 min. The sections were then washed thrice with PBS and endogenous biotin activity was blocked using Avidin/Biotin blocking kit (Vector Laboratories, Burlingame, CA, USA) according to manufacturer\'s instructions. Further, endogenous peroxidase activity was quenched with 0.3% hydrogen peroxide in methanol. The sections were blocked with 10% normal serum for 30 min to prevent non-specific binding and then incubated overnight with the primary antibody (1 : 100) for WIF1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-active *β*-catenin (anti--ABC; Upstate, Temecula, CA, USA). The biotinylated secondary antibody (Vector Laboratories) was used at a dilution of 1 : 400. The slides were further processed by using a Vectastatin ABC kit (Vector Laboratories). Antibody binding was visualized using 3,3\'-diaminobenzidine (Sigma-Aldrich, St. Louis, MO, USA) as chromogen. Nuclei were counterstained with Mayer\'s hematoxylin. A negative control sample was included in each run by omitting the primary antibody. For statistical analysis, the intensity of WIF1 or *β*-catenin immunostaining was scored as 0 (negative), 1 (low), 2 (moderate) and 3 (strong) in human tissues.^[@bib21]^

Microscopic examination
-----------------------

Tissue sections were examined using Nikon 80i microscope base. Digital images ( × 600) were taken with PlanAPO objectives and DXM1200C camera (Nikon, Melville, NY, USA). All images were captured using NIS-Elements software (Nikon).

Methylation-specific PCR
------------------------

Genomic DNA was extracted from normal and CaExPA samples, and salivary gland tumor cell lines as we previously described.^[@bib69]^ Bisulfite modification of genomic DNA was carried out using the EZ DNA Methylation Kit (Zymo Research, Irvine, CA, USA). Bisulfite-modified genomic DNA was amplified using primers that were specific for methylated (M) and unmethylated (U) DNA.^[@bib70]^ The sequences of the M-specific primers were 5′-GGGCGTTTTATTGGGCGTAT-3′ (−485 to −466 from the ATG) and 5′-AAACCAACAATCAACGAAAC-3′ (−291 to −309 from the ATG). The sequences of the U-specific primers were 5′-GGGTGTTTTATTGGGTGTAT-3′ and 5′-AAACCAACAATCAACAAAAC-3′. For sequencing analysis, bisulfite-modified genomic DNA was amplified using primers 5′- TTATTATTAGTATTTAGTTAAGTTT-3′ and 5′-CCTAAATACCAAAAAACCTAC-3′, designed to amplify nucleotides −639 to −140 from the ATG of the *WIF1* promoter region as previously described.^[@bib71]^ Following PCR, the products were run in 1% agarose, then cut, blunted by standard protocol and cloned into pJET 1.2 vector. Five colonies were randomly chosen, colony PCR was carried out and sequenced.

Loss of heterozygosity
----------------------

LOH analysis was performed as we described previously.^[@bib18]^ In brief, PCR was performed in 10 *μ*l reaction volumes containing 17 ng of template DNA, 0.2 *μ*M of M13 tailed primers (Research Genetics, Huntsville, AL, USA), 0.05 *μ*M of IR40-labeled M13 primer (Li-Cor, Lincoln, NE, USA), 200 *μ*M of each nucleotide, 10 mM Tris HCl (pH 8.3), 1.5 mM MgCl~2~ and 0.4 units of Taq DNA polymerase. Amplified fragments were detected using 6% polyacrylamide gels electrophoresed on automated Li-Cor model 4000 DNA sequencers. Gel images were collected using BASE IMAGIR version 2.0 software and the allelic scorings were done independently by three investigators. Allelic loss was confirmed by a second PCR and by running a second electrophoresis.

WIF1 construct
--------------

*WIF1* was amplified from testis cDNA with the primers 5′-GAGATCTCTCGAGAGGAGGTCCTGAGCAGCATG-3′ and 5′-TACCGCGGCCGCTAATGGTGATGGTGATGGTGCCAGATGTAATTGGATTCAGGTG-3′, cloned in pGEM-T-EASY vector and sequenced. The pGEM-T WIF1 insert was then digested with *Xho*I and *Not*I, cloned into pCI blast *Xho*I and *Not*I sites. Insertion sites were confirmed by sequencing.

Cell lines
----------

The cell lines used in this study were established from primary benign (PAs (PA37 and PA116)) and malignant (CaExPA79) salivary gland tumors, are immortalized and have been extensively characterized.^[@bib26],\ [@bib72]^ Cell line identity was verified by DNA genotyping by short tandem repeat profiling (Genetic Resources Core Facility at Johns Hopkins University, Baltimore, MD, USA).

Treatment with DAC
------------------

Salivary gland tumor cell lines were treated with the demethylating agent DAC (50 *μ*M) for 4 days. Total RNA and genomic DNA were isolated and subjected to real-time reverse transcription-PCR (RT-PCR) and MSP, respectively.

Real-time RT-PCR analysis
-------------------------

Total RNA was isolated from cells using TRIzol reagent (Invitrogen, CA, USA) and subjected to RT with Superscript II RNase H---reverse transcriptase and random hexanucleotide primers (Invitrogen). The cDNA was subsequently used for real-time RT-PCR by SYBR chemistry (SYBR Green I; Molecular Probes, Eugene, OR, USA) using gene-specific primers ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}) and Jumpstart Taq DNA polymerase (Sigma-Aldrich). The crossing threshold value determined by real-time RT-PCR was noted for the transcripts and normalized with *β*-actin or *U6* pri-miRNA. The changes in mRNA were expressed as fold change relative to control with±S.D. value.

Transfection and proliferation assay
------------------------------------

Exponentially growing salivary gland tumor cells were plated onto 96-well plates at the density of 1 × 10^4^ cells/well and transfected with either pCI blast (empty vector) or pCI blast-*WIF1* using LipoD293 transfection reagent as per manufacturer\'s instruction (SignaGen Laboratories, Ijamsville, MD, USA). The transfection efficiency is ∼55% for all cell lines used in this study. Cell proliferation was assessed at different time intervals (24, 48 and 72 h) by hexosaminidase assay.^[@bib73]^ The relative cell growth (proliferation) was determined by normalizing the cells with the respective control (i.e., vector) as we described previously.^[@bib21]^

ELISA
-----

The concentration of WIF1 in the conditioned media was measured at 2, 5 and 14 days of WIF1 post transfection using the solid-phase sandwich ELISA kit (Aviscera Bioscience, Santa Clara, CA; sensitivity, 10 pg/ml; intra and inter-assay CV, 4--8% and 8--12%, respectively), according to the manufacturer\'s instruction.

Cell cycle analysis
-------------------

PA116 and CaExPA79 (3 × 10^5^ cells/well) were plated onto six-well plates and transfected with either empty vector or pCI blast-*WIF1* for 48 h using LipoD293, and cell cycle analysis was performed as we described previously.^[@bib21]^ In brief, the floating and attached cells were collected and centrifuged at 1000 r.p.m. for 5 min. The supernatant was discarded, and the cells were washed and suspended in PBS. Single-cell suspension was fixed in ice-cold 70% ethanol for 2 h at 4 °C. The cells were centrifuged to remove the ethanol and washed with PBS. The fixed cells were then incubated with 1 mg/ml propidium iodide (Sigma-Aldrich), 0.1% Triton X-100 (Sigma-Aldrich) and 2 *μ*g DNase-free RNase (Sigma-Aldrich) in PBS for 30 min at room temperature in dark. Flow cytometry was done with a FACSCalibur analyzer (Becton Dickinson, Mountain View, CA, USA), capturing 50 000 events for each sample. Results were analyzed with ModFit LT software (Verity Software House, Topsham, ME, USA).

Luciferase reporter gene assay
------------------------------

PA116 and CaExPA79 cells (3 × 10^5^ cells/well) were plated onto six-well plates and transfected with either empty vector or pCI blast-*WIF1* using LipoD293 for 24 h along with a plasmid containing firefly luciferase gene with a complementary *miR-200c* binding site in the 3′ UTR (miR-200c-Luc reporter vector) and plasmid pRL-TK that encodes Renilla luciferase to control for transfection efficiency. Luciferase activity was determined with dual-luciferase reporter assay system (Promega, Madison, WI, USA) as we described.^[@bib74]^

Senescence *β*-galactosidase staining
-------------------------------------

PA116 and CaExPA79 cells (3 × 10^5^ cells/well) were plated onto six-well plates and transfected with either empty vector or pCI blast-*WIF1* using LipoD293 for 48 h. The senescence assay was performed using senescence *β*-galactosidase staining kit (Cell Signaling Technology, Beverly, MA, USA) as per manufacturer\'s instruction.

Western blot analysis
---------------------

Protein expression was studied by western blot analysis as we described previously.^[@bib21]^ Cells were lysed in cell lysis buffer (Cell Signaling Technology) and further sonicated and centrifuged at 12 000 r.p.m. for 10 min at 4 °C. Fifty microgram proteins per lane were separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electrotransferred to Immobilon-P membranes (Millipore, Bedford, MA, USA). The membranes were blocked for 1 h with 5% non-fat milk and incubated overnight with p53, p21 and Actin (Santa Cruz Biotechnology). This was followed by incubation with secondary antibodies coupled with HRP (Santa Cruz Biotechnology) for 1 h at room temperature. The membrane was then washed thrice in TBS-T. Immunoreactive antibody--antigen complexes were visualized with the enhanced chemiluminescence reagents (Thermo Scientific, Rockford, IL, USA).

ALDEFLUOR assay
---------------

PA116 and CaExPA79 cells were grown to ∼90% confluency in 100 mm petriplate and transfected with either empty vector or pCI blast-*WIF1* using LipoD293 for 48 h. Stem cells were sorted with Influx-V cell sorter (Cytopeia/BD, Franklin Lakes, NJ, USA) using ALDEFLUOR kit as per manufacturer\'s instruction (STEMCELL Technologies Inc., Vancouver, BC, Canada).

Spheroid assay
--------------

The anchorage-independent growth was determined by clonogenic assay as we previously described.^[@bib72]^ The 1% agar was added without any enrichment onto 24-well plate in culture medium. Then the empty vector or pCI blast-*WIF1*-transfected cells were trypsinized and counted. The cell suspension (1 × 10^4^ cells) were mixed with equal volume of growth medium containing agar (0.6%) so that final concentration of agar becomes 0.3%, which was overlaid onto the bottom layer. The cells were cultured for 2 weeks at 37 °C in a 5% CO~2~ incubator. Colonies consisting of \>10 cells were counted on day 5 and 14.

Statistical analysis
--------------------

Statistical analyses were performed using SAS STAT version 9.1 (SAS Institute Inc., Cary, NC, USA). Independent means were compared using unpaired Student\'s *t*-tests whose degrees of freedom were corrected, when appropriate, for inequality of variance.
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![Downregulation of WIF1 occurs early in salivary gland oncogenesis and associates with progression to malignancy. (**a**) Representative sections of WIF1 expression in matched normal salivary gland and PA in a case that did not progress to malignancy. (**b**) Representative sections showing WIF1 immunostaining in a PA case that progressed to malignancy (CaExPA). Shown are matched normal salivary gland, PA and CaExPA. Original magnification, 600X. (**c**) Quantification of WIF1 immunostaining in 71 PA cases that did not progress to malignancy (matched normal and PA) and 14 cases that progressed to malignancy (matched normal, PA and CaExPA). (**d**) Distribution of the WIF1 immunostaining scores (in percentage) in different tissues and cohorts. (**e**) Quantification of *β*-catenin immunostaining in 14 PA cases that did not progress to malignancy (matched normal and PA) and 14 cases that progressed to malignancy (matched normal, PA and CaExPA). Immunostaining scored as 0 (undetectable), 1 (low), 2 (moderate) or 3 (strong). Data are the mean±S.D. \**P*\<0.01, \*\**P*\<0.001, \*\*\**P*\<0.000001](cddis2014219f1){#fig1}

![Promoter hypermethylation and genomic deletion contribute to WIF1 downregulation in human salivary gland tumors. (**a**) Methylation-specific PCR analysis shows that *WIF1* promoter is unmethylated in normal salivary gland but hypermethylated in eight primary CaExPA tissues. U, unmethylation-specific PCR product; M, methylation-specific PCR product. Case numbers are mentioned on the top. (**b**) Schematic representation of frequency of methylation observed by bisulfite-sequencing analysis at CpG sites in the *WIF1* promoter (region --639 to --140) of salivary gland normal (NSG) and CaExPA tissues. Shown are a representative sample of NSG used as control and four primary CaExPA for which enough DNA was available. MSP primers are shown in arrows. The methylation frequency of each CpG site (circle) is represented by the color of the circle: 51--100% (black), 25--50% (dark gray), 1--24% (light gray) or 0% (white). (**c**) Four primary CaExPA for which matching constitutional DNA was available were analyzed for 10 microsatellite markers within the long arm of chromosome 12 (12q). Six of these markers map to 12q13-15. Shown are representative examples of LOH within 12q13-15, a region that includes *WIF1* loci. Allelic losses are indicated by arrows. T, tumor DNA; N, constitutional DNA](cddis2014219f2){#fig2}

![WIF1 inhibits tumor cell proliferation and induces cell cycle arrest and apoptosis in salivary gland tumor cells *in vitro*. (**a**) CaExPa79 cells were simultaneously transfected with either vector or pCI blast-*WIF1* using LipoD293 transfection reagent, and cell proliferation was assessed at different time points (24, 48 and 72 h) by hexosaminidase assay. (**b**) WIF1 induces apoptosis and (**c**) G~1~ cell cycle arrest. CaExPA79 cells were transfected with vector or pCI blast-*WIF1* for 48 h, the floating and attached cells were collected, centrifuged and processed for flow cytometry. Fifty thousand events were captured for each sample and results were analyzed with ModFit LT software (Verity Software House, Topsham, ME, USA). Data are the mean±S.D., *n*=3. \**P*\<0.001, \*\**P*\<0.01](cddis2014219f3){#fig3}

![WIF1 induces cellular senescence through upregulation of p53 and p21 expression in salivary gland tumor cells. (**a**) PA116 and (**b**) CaExPA79 cells were transfected with vector or WIF1 for 48 h and stained (left and middle panels) for senescence-associated *β*-galactosidase (SA-*β*-gal), defined as beta-galactosidase activity detectable at pH 6.0 in senescent cells (blue color). Original magnification, × 400. The number of blue color positive cells per × 40 field was assessed in PA116 (**a**, right panel) and CaExPA79 (**b**, right panel) cells. Data are the mean±S.D., *n*=3. \**P*\<0.0001. (**c**) Total RNA isolated from WIF1-transfected PA116 and CaExPA79 cells was subjected to real-time RT-PCR and relative mRNA expression of p53 (left panel) and p21 (right panel) was assessed. The transcripts were normalized with *β*-actin. Data are the mean±S.D., *n*=3. \**P*\<0.0001. (**d**) Total protein extracts from WIF1-transfected PA116 and CaExPA79 cells were analyzed by western blotting, detecting p53 (left) and p21 (right) protein expression. The same blots were probed for actin as a loading standard](cddis2014219f4){#fig4}

![WIF1 reduces salivary gland tumor stemness and the expression of several genes with critical roles in stem cell self-renewal and pluripotency. (**a**) PA116 and CaExPA79 cells were transfected with vector or WIF1 and 48 h later sorted by FACS-based on aldehyde dehydrogenase (ALDH) activity. Data are the mean±S.D., *n*=3. \**P*\<0.001. (**b**) PA116 (left panel) and CaExPA79 (right panel) cells transfected with vector or WIF1 were assessed for their ability to form spheroids in soft agar. The number of spheroids per well was counted on day 5 and 14. Data are the mean±S.D., *n*=3. \**P*\<0.001. (**c**) Representative photo images of PA116 (left panel) and CaExPA79 (right panel) cells at day 5 (top panel) and 14 (bottom panel). Original magnification, 400X. (**d**) Total RNA isolated from CaExPA79 cells transfected with WIF1 was subjected to real-time RT-PCR and relative mRNA expression of *OCT4*, *c-MYC*, *WNT3A*, *TCF4*, *MYB* and *c-KIT* was assessed. The transcripts were normalized with *β*-actin. Data are the mean±S.D., *n*=3. \**P*\<0.0001](cddis2014219f5){#fig5}

![WIF1 modulates the expression of miRNAs that have critical role in salivary gland stemness and oncogenesis. PA116 and CaExPA79 cells transfected with WIF1 for 48 h were used for total RNA isolation and subjected to real-time RT-PCR for *pri-miR-144* (**a**), *pri-let-7a* (**b**)*, pri-miR-21* (**c**)*, pri-miR-200c* and (**d**) miRNA expression analyses. The transcripts were normalized with *U6* pri-miRNA. (**e**) PA116 and CaExPA79 cells were simultaneously transfected with a plasmid containing firefly luciferase gene with a complementary *miR-200c* binding site in the 3′ UTR, along with WIF1 plasmid and pRL-TK, to control for transfection efficiency. The luciferase activity was then determined. (**f**) CaExPA79 cells transfected with WIF1 for 48 h were used for total RNA isolation and subjected to real-time RT-PCR for mRNA expression of *miR-200c* downstream targets *ZEB1*, *ZEB2*, *BMI1* and E-cadherin. The transcripts were normalized with *β*-actin. Data are the mean±S.D., *n*=3. \**P*\<0.001](cddis2014219f6){#fig6}
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